results dampened enthusiasm for the tight glucose control approach and, indeed, created considerable confusion as to how glucose control should be managed in ICU patients and where the future should lie in terms of the ongoing research and development of glucose monitoring technologies and patient management protocols. Some have even suggested that "tight glucose control" should be "abandoned." 9 Scientific groups and opinion leaders interpreted the results to indicate that, while glucose management was still important, a less strict approach was acceptable and suggested varying targets including ≤180 mg/dL, [10] [11] [12] [13] [14] 140-200 mg/dL, 15 and <150 mg/dL. 16 In this review, we discuss the precise role of tight glucose control in today's ICU, and how the industry can be encouraged to face concerns related to lack of return for investment. We also comment on current and future perspectives, including cost-effectiveness issues and development of semiautomated glucose control including closed-loop systems, and suggest key areas for ongoing research.
Can Continuous Glucose Monitoring Make a Difference?
The large studies cited above, assessing the possible place of tight glucose control in critical care, all used intermittent blood glucose monitoring. 2, 4, 5 Yet, human physiology is continuous not sporadic, making continuous monitoring of any variable more physiologically relevant than intermittent measures. If monitoring is only intermittent, it is possible that certain acute changes in the parameter being measured will be missed if they occur between measurements. In addition, treatments, even when given intermittently, have longlasting effects. Intermittent monitoring, depending on the frequency of the measurements, has limited ability to follow the effects of treatments and to accurately perform trending. In terms of blood glucose, continuous glucose monitoring (CGM) may, by facilitating more timely therapeutic intervention, potentially help reduce the numbers of hyper-and hypoglycemic episodes, known to be associated with worse patient outcomes, and also reduce glucose variability, another factor that has been associated with worse outcomes. [17] [18] [19] Continuous monitoring may also offer advantages in terms of reduced nursing workload. 20 But can CGM really make a difference to patient care or is it merely a research tool of use to map and trend glucose concentrations in critically ill patients? Does preventing hypoand hyperglycemic episodes or reducing glycemic variability really make any difference to patient survival, length of ICU or hospital stay, rates of complications or need for organ support? There are relatively few data available to answer these questions, especially as glucose metrics are not standardized making comparison between studies difficult. 21, 22 In a study by Boom et al, 20 there were no differences in the numbers of severe hypoglycemic episodes (defined as a blood glucose < 40 mg/dL) in patients managed using continuous (with a subcutaneous monitor) or intermittent glucose monitoring. Similarly, De Block et al showed that real-time CGM did not improve mean glycemia, parameters of glycemic variability, or hypoglycemic events compared to blinded CGM. 23 However, in an earlier study, Holzinger et al 24 noted that CGM (again using a subcutaneous device) was associated with a reduction in the rate of hypoglycemia, although there were no differences of glycemic performance between groups in terms of time in band. Other studies have recently been completed comparing different CGM devices with intermittent sampling and the results should provide more detail regarding the effectiveness of this approach on the quality of glucose control. Importantly, CGM will be shown to have an effect on outcomes only if the monitoring data retrieved from the device are appropriately and frequently used to adjust therapy and the chosen insulin protocol is effective. Insulin protocols are still largely based on intermittent measurements and CGM-specific protocols may need to be developed. 25, 26 
Overview of Current Technologies
There are more than 15 continuous or semi-CGM devices for which published data are available, with different designs, measurement methods, frequencies of sampling, and probe location sites (Table 1) ; 5 currently have a CE mark and 1 (GlucoScout, International Biomedical, Austin, TX) is FDA approved for clinical measurement use in US hospitals. The development and/or commercialization of some of these devices has been paused.
The different methods of performing CGM have been discussed in detail previously. 21 Essentially, glucose can be sampled from venous or arterial blood or interstitial fluid. Importantly, the glucose value will vary according to the fluid sampled, for example, being greater in arterial than in venous blood. Monitoring can be achieved by continuous or near-continuous withdrawal of the measurement fluid from a catheter to an external sensor or by placement of a sensor within the tissue or fluid of interest (Table 1) . A fully noninvasive transdermal probe (Symphony, EchoTherapeutics, Iselin, NJ is also being developed.
All the current systems have specific limitations, including issues related to exposure to heparin and potential need for calibration. Systems that rely on intermittent withdrawal of blood from a vascular catheter carry a risk of foreign body reactions with thrombus formation and catheter occlusion necessitating replacement; this effect may be more frequent in venous than in arterial catheters. 27 The definition of continuous in terms of glucose monitoring has been covered in a previous article, 21 and the frequency of measurement for most current devices is between 1 and 5 minutes. Most of the studies have used the mean absolute relative difference (MARD) or mean absolute deviation in hypoglycemia, and the percentage of measurement in the Clarke error grid zone A to assess accuracy compared to intermittent sampling. 21 Importantly, these devices need to be shown to be accurate through the full range of glucose values, including during hypo-and hyperglycemia, before they can receive FDA/CE approval. The life span of the various devices is also important as several may be needed during a patient's ICU stay. Outcome data using these devices in clinical practice are still very limited, with most studies having focused on accuracy.
Indexes of Quality of Glucose Control
An index can be defined as a single number calculated from an "array" of clinical data to comprise a single value for comparison or action. Indexes are typically used to evaluate care in terms of eventual outcome (retrospective use) or as a diagnostic or status metric in determining care decisions (prospective). For the purposes of blood glucose control, the array typically comprises blood glucose values, but can also include insulin and/or nutrition data. No 1 metric is going to be sufficient to monitor quality of glucose control; several different metrics need to be defined and measured and reported consistently across clinical trials. An ideal index should be measurable and assessable over time as well as retrospectively, should be linked to outcome (except when assessing workload), should allow robust statistical comparison between studies, and should be calculated and calculable from regularly interpolated measurements. Importantly, indexes should be equally applicable to individual patients and to patient cohorts. Indexes are needed to evaluate safety (from the perspective of hypoglycemia and extreme hyperglycemia), performance, and workload associated with any glucose control protocol or process. Various options have been proposed for these 3 purposes, but none is yet accepted and used as standard. As examples, indexes of safety could be the number of patients with at least 1 episode of severe hypoglycemia, the number of patients with at least 1 episode of mild hypoglycemia, or the percentage of time spent in severe/mild hypoglycemia; indexes of performance could be mean glucose, (cumulative) time in band (see later), glycemic penalty index, 28 or hyperglycemic index; 29 and indexes of workload could be time spent on manual interventions or calibration measurements per day. Whichever metrics are chosen, they should be linked to relevant clinical outcomes, must relate to known physiological effects, and must be easy to understand and interpret.
Time in Band
Several indexes are currently used, and all have strengths and weaknesses (Table 2) . These have been discussed in detail in previous reports, 21, 30 and we will just mention 1 in a little more detail, the (cumulative) time in band. Time in band has been widely proposed as a potentially useful metric of performance of any glucose control program. The time in band calculates the proportion of time that blood glucose values fall within a specified range of glucose concentrations (indicative of well-regulated control) up to a point in time. 31 This metric provides a combined indication of glycemia and variability, both known to be associated with outcome. 18, 19, 32 This is an easy metric to calculate, with greater accuracy associated with higher measurement frequency (eg, nearcontinuous blood glucose measurement technology). The main other problem with using time in band as a metric at present, as indeed for many other indexes, is that the "optimal" band has not been clearly defined and may vary according to the specific patient population, for example, higher upper and lower cut-offs may be preferred in patients with preexisting, poorly controlled diabetes mellitus. 31 Using a wider range will allow more variability in glucose concentrations. In a retrospective study using data from 2 randomized controlled trials, Penning et al 31 used the cumulative time in band metric to compare the odds of survival for 3 different glucose "ranges" and demonstrated that in patients without diabetes, more time spent within the 72 to 126 mg/dL glycemic range was associated with a higher odds of survival compared with the 90 to 144 mg/dL and 72 to 144 mg/dL range. The odds of survival increased with increasing cumulative time in band. Krinsley and Preiser similarly reported that higher time in band (using 70 to 140 mg/dL as the range) was associated with improved outcomes in patients without diabetes. 33 These associations may, however, reflect disease severity and glucose-modifying therapy interventions, and do not necessarily demonstrate causality.
Meaningful Clinical Outcomes
We have discussed possible metrics for assessing the quality of glucose control, but meaningful clinical outcomes also need to be selected and defined for future clinical trials of these devices. Mortality remains an important outcome endpoint in almost all clinical trials in ICU patients, and indeed many other hospital specialties. Various mortality rates have been used including ICU, hospital, 28/30 days, 90 days, and longer. However, improvements in mortality are difficult to demonstrate in today's ICU population and other endpoints are increasingly of importance. The occurrence of hypoglycemia is of course a major endpoint for reasons of patient safety. Other morbidity variables, including infectious complications and development of organ dysfunction, could also be used as outcomes, or combined with mortality to develop a composite outcome. 34 Finally, protein economy has been suggested as a useful outcome indicator because the oxidant stress associated with hypoglycemic episodes leads to loss of lean muscle mass and poor long-term outcomes. 35 Another important aspect when considering outcome data is whether tight glucose control protocols should be offered to all patients or restricted to those most likely to benefit and, if so, how can these patients be identified. In addition optimal blood glucose concentrations may vary among different groups of patients. In patients treated using an intensive insulin therapy protocol (targeting a blood glucose of 79-140 mg/ dL), Waeschle et al 36 reported that the rates of critical hypoglycemia (≤ 40 mg/dL) and hyperglycemia (above 180 mg/dL) were significantly different among different clinical subgroups (cardiac surgery, neurosurgery, abdominal, vascular, orthopedic, spinal, medical). The predisposing factors for these conditions also varied among the different groups. Clearly this is an area that needs further study.
What About Patients With Diabetes?
As seen earlier, various blood glucose targets have been recommended by experts and international societies since the NICE-SUGAR study. However, these provide global ranges for all patients, not taking into account individual patient factors including pre-ICU glycemic status. Observational and interventional data suggest that the association between blood glucose concentration and mortality is different in critically ill patients with and without preexisting diabetes mellitus, 18, [37] [38] [39] [40] [41] and that patients with diabetes with good premorbid glycemic control should have a "tighter" target than those with poor premorbid glycemic control. 42, 43 The associations between glucose concentrations and outcomes also differ in patients with known premorbid diabetes compared to those without diabetes. 18, 37, 44 In a retrospective analysis comparing an electronic tight (80 to 110 mg/dL) with a moderate (90 to 140 mg/dL) glucose control protocol, there was a survival benefit with the tight target compared with the moderate target in patients without diabetes, but this finding was reversed in patients with diabetes. 40 The HbA1c is now part of routine admission workup for critically ill patients in many units to assess premorbid glucose control. Elevated HbA1c at the time of ICU admission is associated with a higher insulin need during the ICU stay and with a higher risk of disturbed glucose metabolism 6-8 months after ICU admission, as recently shown in the DIabetes mellitus AFter Intensive Care admission (DIAFIC) study. 45 An ongoing multicenter French study (clincialtrials.gov ID NCT02244073) is randomizing patients to different glucose targets based on their admission HbA1c value: an individualized target of (28.7 × A1C 
Cost-Effectiveness
One important consideration when assessing glucose control in the ICU is whether or not it is cost-effective, but there are few published data related to this parameter and most of those that are available used intermittent glucose monitoring. Importantly, glucose control will be cost-effective only if it is associated with improved relevant outcomes, such as ICU length of stay or nosocomial infections, which are known to be associated with increased costs. In an analysis of the original Leuven study, van den Berghe et al reported that intensive glucose control was associated with a cost-saving of 2638 euros/patient (data from 2000), driven predominantly by the reduced length of ICU stay in the treatment group. 46 Krinsley and Jones reported a cost savings of $1580/patient (data from [2002] [2003] [2004] in their before/after study in the United States, 47 again driven by reduced ICU length of stay.
In another multi-ICU before/after study, Sadhu et al reported significantly reduced ICU lengths of stay, but the decreases in costs ($5231, data from 2003-2005) were not significant. 48 In a more recent before/after study in the Netherlands, van Hooijdonk et al 49 reported that implementation of a strict glucose control guideline using point-of-care testing was associated with a 1.8% increase in total hospital costs. Using a sensitivity analysis, Krinsley reported that even a 5% reduction in nosocomial infections and in ICU length of stay associated with glucose control would yield considerable cost savings. 50 Reduced nursing workload may also be associated with reduced costs and several studies have suggested that CGM can be associated with reduced nursing workload. CGM would certainly decrease the time input necessary for blood sampling. Aragon reported that, using hourly blood glucose monitoring, nearly 2 hours of direct nursing time was spent per patient per day to achieve tight glycemic control (80-110 mg/dL). 51 Boom et al recently reported a 12 euro/patient saving (data from 2011/2012) with glucose control guided by subcutaneous CGM compared to point-of-care measurement, largely related to reduced daily (24 hour) nursing workload (17 vs 36 minutes; P < .001). 20 When assessing the expenses associated with CGM, multiple "new" costs need to be taken into account compared to intermittent systems, including the purchase, installation, and maintenance of the CGM system; costs of disposable sensors, which will depend on how often these need to be changed; costs of nursing/physician time for insertion of CGM probe; and costs of a computerized algorithm for glucose control, if used. Studies are needed to demonstrate that CGM really improves morbidity and mortality before effects on costs can be fully evaluated.
(Semi)automated Blood Glucose Control
Automation is widely used to improve productivity and quality in multiple areas involved in providing products and services. In medicine, automation has been adopted less rapidly. But blood glucose control in ICU patients could be an ideal area for an automated approach and steps have already been made in that direction. Original methods of glucose control used some form of paper-based glucose protocol to inform nurses when and how to adjust insulin concentrations, based on more or less frequent intermittent glucose measurements. This approach is simple to apply but is not patient specific and may introduce personal bias if not entirely prescriptive. Moreover, these early protocols rely on a reactive response to the current glucose value, which, depending on the frequency of measures, may be more or less relevant to the current trend in blood glucose. Noncompliance with the protocol is also a potential problem. Movement from paper-to computer-based protocols has been associated with reduced error rates and better glucose control, 52 although this of course depends on the computer-based protocol under assessment and the paper protocol used as comparator.
As computer-based algorithms have developed, some have been integrated into clinical computerized decision support systems. Such algorithms can be adapted to patientspecific parameters, although the technology is not yet available in all ICUs. Various protocols have been developed for this approach, including the Stochastic TARgeted (STAR) approach, 53 the LOGIC-Insulin algorithm, 54 enhanced model predictive control (eMPC) algorithm, 55 Glucose Regulation for Intensive care Patients (GRIP), 56 Glucosafe, 57 and Contrôle Glycémique Assisté par Ordinateur (CGAO). 8 These systems, although the protocols are more complex, have the advantage of being more physiologically relevant and can adapt to inter-and intrapatient variability, including issues of insulin sensitivity, nutrition, and concomitant medication. When combined with CGM systems, these automated protocols could potentially enable more predictive glucose control by responding to real-time glucose values and evaluated trends. Importantly, the protocol appears to have a greater impact on outcomes than the measurement method, 25, 26 so currently available and new protocols need to be carefully validated in different patient populations. In addition, most widely used algorithms have been developed based on intermittent monitoring systems and will need to be adapted to be used with the more frequent measures available from CGM probes. 58 The combination of CGM with an electronic protocol inevitably leads to the concept of automated "closed-loop" systems. Closed-loop systems, in which a variable is measured by some form of monitoring sensor and/or unit, which then applies an intervention based on the measured value, have been explored in various areas of critical care medicine including hemodynamic management and mechanical ventilation, 59 but these systems are still not widely used. Concerns regarding patient safety and device regulation have slowed commercial development. Potential legal issues with liability also need to be evaluated and resolved as the responsibility for treatment-decisions is taken away from the physician to the device and, thus, potentially to the manufacturer. 60 A final concern related to automated systems is that of the cybersecurity of programmable medical devices.
Nevertheless, glucose control does lend itself to an automated closed-loop approach that could regulate blood glucose in a more constant manner thus potentially reducing variability in glucose concentrations. This use of closed-loop systems in glucose control is not a new idea. Such systems ("artificial pancreas") were first tested clinically in patients with diabetes almost 40 years ago 61 and smaller, more advanced versions have recently been used in individuals with type 1 diabetes during free-living at home, with promising results. [62] [63] [64] However, acutely ill patients may present greater variability in insulin requirements than people with diabetes and glucose control is just 1 aspect of multiple interventions, including nutritional intake, likely to be necessary at any 1 time in these patients. On the other hand, the use of intravenous insulin delivery in critically ill patients removes the absorption delays associated with subcutaneous insulin delivery in people with diabetes, thus potentially simplifying the process.
Several studies have now evaluated use of closed-loop systems in small groups of critically ill patients. Yatabe et al evaluated a closed-loop glycemic control device in 208 ICU patients and reported that the glucose concentration was kept in target for 50% of the study period with no hypoglycemic episodes. 65 Leelarathna and colleagues 66 randomized 24 critically ill patients to glucose control using a fully automated closed-loop system with a subcutaneous CGM sensor and intravenous insulin and dextrose infusions or using a local protocol with intravenous sliding-scale insulin for 48 hours targeting a blood glucose of 108-144 mg/dL. The closedloop system was associated with increased time in band (54. (Figure 1 ). No patients in either group had a hypoglycemic episode (<72 mg/dL). In 450 patients who underwent surgical procedures for hepato-biliary-pancreatic disease, Okabayashi et al demonstrated that intensive insulin therapy with a closed-loop system decreased the incidence of surgical site infections. 67 Simulation techniques have also been used to assess potential benefits of automated closed-loop compared to nonautomated protocol-driven glucose control 25, 26, 68 and may represent a useful means of evaluating and adjusting device function and protocols, and for identifying minimal requirements for sensor accuracy before clinical testing. In recent consensus recommendations on blood glucose measurement in the ICU, it was suggested that for CGM, MARD values should not exceed 14%. 30 
Future Directions and Priorities for Research
Since the NICE-SUGAR study, there has been a general lapse in urgency surrounding the need to ensure that ICU patients achieve tight glucose targets. Yet there is good evidence that hypoglycemia and hyperglycemia are associated with worse outcomes in ICU patients. There is also evidence that CGM can improve glucose control in ICU patients by improving the time in band and reducing variability, and it is likely that CGM is also associated with reduced workload and costs. Finally, there is evidence that good glucose control is associated with better outcomes. The next step is to clearly demonstrate that the better glucose control achieved with CGM and/or closed-loop systems is associated with improved clinical outcomes compared to intermittent monitoring and with a favorable cost-benefit ratio. These devices are expensive to develop and high quality studies are needed to prove that outcomes can be improved and that this approach can be economically viable for all involved.
Here we suggest some of the priorities (in no particular order) for future research in this field:
1. Measures of accuracy and of quality of glucose control need to be standardized to enable comparisons across studies and devices and for licensing authorities. 2. Adequately powered, good quality, randomized, controlled studies need to be conducted to compare the effects of CGM-preferably with closed-loop glucose control-and intermittent glucose monitoring on glucose metrics (avoidance of hypoglycemia, time in band, etc). The evaluation of the effects of CGM on clinical outcomes of morbidity, including rates of infection, and mortality measures would require large-scale studies. 3. Studies also need to be conducted in specific "atrisk" populations, for example, liver transplant recipients and patients with severe brain injury. 69 4. The impact of different systems on workload and costs needs to be better defined. 5. The additional effects of continuing glucose control onto the general floor after the ICU stay need to be investigated to facilitate evaluation of effects on longer-term outcomes including infection rates. 6. Current algorithms are developed to work with intermittent monitoring systems and need to be adapted and validated for CGM. 7. Further understanding of glucose physiology in critically ill patients is needed to understand the impact of glucose control on insulin sensitivity and protein metabolism and their clinical relevance. 8. Automated closed-loop systems may prove to be beneficial in terms of reduced glucose variability and workload and should be tested clinically provided minimum sensor accuracy requirements are met. 9. Improved collaboration within the industry needs to be encouraged because no single company produces all the necessary components for an automated closed-loop system. 10. Combining glucose measurement with measurement of other variables in 1 sensor may help make this approach more financially viable.
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